Introduction
L-Asparagine is one of the major metabolites required for mobilization and storage of nitrogen in higher plants [1, 2] . The deamidation of asparagine yields aspartate and ammonia, which are used for further transformations into other amino acids. L-Asparaginase is the enzyme responsible for this hydrolytic reaction.
L-Asparaginases are present in most organisms, and have been classified into two major types, the bacterial-(also called type I and II) and plant-type (or type III) asparaginases [3] . The bacterial type II enzymes, with high L-asparagine affinity, are useful for treating acute lymphoblastic leukemia [4] . The known plantAbbreviations CD, circular dichroism; ITC, isothermal titration calorimetry; SEM, standard error of the mean.
type asparaginases do not have a sufficiently high affinity for their substrate, L-asparagine, to be clinically useful. Plant-type asparaginases are members of the N-terminal nucleophile (Ntn) hydrolase superfamily, characterized by the release of an N-terminal nucleophilic residue (Thr in asparaginase), during an autoproteolytic maturation process, in which the inactive polypeptide precursor is cleaved into a and b subunits [5] . The mature enzyme is a heterotetramer composed of two a and two b subunits, with two active sites built around the N-terminal nucleophiles of the b subunits. Plant-type asparaginases include Escherichia coli asparaginase III [6] , human L-asparaginase (hASNase3 or hASRGL1) [7, 8] and guinea pig Lasparaginase type III [9] . Other related members of the Ntn hydrolase superfamily include aspartylglucosaminidase [10] , responsible for the catabolism of N-glycans, and threonine aspartase 1 (Taspase1), a protease involved in protein maturation [11, 12] . L-Asparaginases from higher plants are subdivided into K + -dependent and K + -independent enzymes, depending on their potassium requirement for activation [13, 14] . They share a sequence identity of approximately 60% [15] . K + -dependent asparaginases prefer asparagine as substrate, whereas the K + -independent asparaginases are equally active toward L-asparagine and b-aspartyl dipeptides [16, 17] .
A recent crystallographic study of the Phaseolus vulgaris K + -dependent asparaginase, PvAspG1, provided insight into the mechanism of potassium activation [18] . There are two potassium-binding sites in each a subunit. The first one is referred to as the stabilization loop. It is also present, as a sodium-binding loop, in the crystal structure of K + -independent asparaginase from Lupinus luteus [19] . The second site is referred to as the activation loop and is unique to K + -dependent asparaginases. The activation loop of PvAspG1 is composed of a framework of eight contiguous amino acid residues which are Val-111, Met-112, Asp-113, Lys-114, Ser-115, Pro-116, His-117, and Ser-118, forming a circular turn around the centrally positioned potassium ion (Fig. 1A) . The coordination sphere is formed by the main-chain carbonyl groups of four of these residues, Val-111, Met-112, Ser-115, and His-117, and two water molecules, positioned such that one is held in place by the side chain of Ser-118.
The crystal structures of PvAspG1 revealed a catalytic switch mechanism when sodium binds in place of potassium in the activation loop, reminiscent of dialkylglycine decarboxylase [20] . Sodium binding results in a conformational change which affects the position of three residues, His-117, part of the activation loop, and Arg-224 and Glu-250 present in the b subunit of the other heterodimer (Fig. 1B) . When potassium is present in the activation loop, the side chain of Arg-224 is directed toward the active site to hold the reaction product L-aspartate (and presumably also the L-asparagine substrate) in place through saltbridge type hydrogen bonds between the N atoms of the guanidium group and the a-carboxylate group of the ligand. At the same time, Glu-250 forms hydrogen bonds with the side chains of Arg-224 and His-117. Sodium binding in the activation loop results in a dramatic conformational change. The side chain of His-117 moves deeper into the protein core, displacing Arg-224 away from the active site. The side chain of Glu-250 also moves away from the active site, no longer interacting with the other two residues.
The structural determinants responsible for potassium activation in plant asparaginases remain to be unequivocally identified. They can be hypothesized to be absent in K + -independent asparaginases. In the present work, a cDNA coding for a K + -independent asparaginase, PvAspG-T2, was isolated from P. vulgaris. A comparison of deduced amino acid sequences identified a unique residue that is not conserved in the activation loop between PvAspG1 (Ser-118) and PvAspG-T2 (Ile-117). The function of this residue was characterized by reciprocal mutations using enzymatic and biophysical methods. The results demonstrate that Ser-118 is essential for potassium binding and catalytic activation in PvAspG1.
Results

Effect of Ser-118 mutations on potassium activation
In order to identify variable residues that may be responsible for potassium activation, the deduced amino acid sequences of the K + -dependent asparaginase, PvAspG1, and K + -independent asparaginase, PvAspG-T2, were aligned along with those of three other asparaginases from either group (Fig. 2) . All of the amino acid residues in the activation loop are either identical or conserved between the two groups of enzymes, for example, Asp-113 is replaced by glutamate, Lys-114 by glutamine, and Ser-115 by threonine, except for Ser-118, which is replaced by Ile-117 in PvAspG-T2 and other K + -independent asparaginases. To understand the structural basis of potassium binding and catalytic activation, reciprocal mutants of PvAspG1 and PvAspG-T2 were constructed by substituting Ser-118 by isoleucine in PvAspG1 (leading to PvAspG1-S118I), and Ile-117 by serine in PvAspG-T2 (PvAspG-T2-I117S). The recombinant wild-type and mutant enzymes were purified from E. coli as N-terminal His-tagged proteins by affinity chromatography. SDS/PAGE of the purified enzymes confirmed the autocatalytic cleavage of the polypeptide precursors into a-and b-subunits with approximate molecular weights of 23 and 14 kDa, respectively, as expected for members of the Ntn hydrolase superfamily (Fig. 3) .
To determine whether the enzymes are activated by potassium, apparent kinetic parameters were determined in the presence or absence of this metal cation. The catalytic activity of PvAspG1 was influenced by the presence of potassium, as previously described (Table 1 ). There was an approximately sevenfold increase in the apparent V max and twofold decrease in the apparent K m of PvAspG1 when 50 mM KCl was included in the assay. This resulted in a 12-fold increase in catalytic efficiency in the presence of potassium. The kinetic parameters are similar to those reported earlier [18] . As expected, the catalytic activity of the K + -independent asparaginase, PvAspG-T2, was not affected by potassium. The apparent kinetic parameters (K m and V max ) of PvAspG-T2 remained similar when 50 mM KCl was included in the assay. Remarkably, the S118I mutant of PvAspG1 was no longer activated by potassium, and behaved like PvAspG-T2. Its apparent kinetic parameters were similar in the presence or absence of potassium. In contrast, the catalytic activity of the I117S mutant of PvAspG-T2 was responsive to the addition of potassium. The K m for asparagine was decreased by close to fourfold, with a 12-fold increase in V max . As a result, the catalytic efficiency of the I117S mutant enzyme was increased by 45-fold in the presence of potassium. These results indicate that Ser-118 is necessary for potassium activation in PvAspG1. Furthermore, introduction of this serine residue is sufficient for PvAspG-T2 to become activated by (i.e., sensitive to) potassium.
Affinity of PvAspG1 and PvAspG-T2-I117S for potassium
To determine the affinity of the enzymes for potassium, the half-maximal effective concentration (EC 50 ) was determined by measuring catalytic activity under varying potassium concentration between 0 to 20 mM with a fixed asparagine concentration of 10 mM. As expected, the activity of PvAspG-T2 and PvAspG1-S118I remained unchanged at different potassium concentrations (Fig. 4) . The EC 50 value of PvAspG1 of 1.47 AE 0.21 mM (average AE standard error, n = 3) was about twofold less than that of PvAspG-T2-I117S of 3.18 AE 1.04 mM. It should be noted that several attempts were made to use the isothermal titration calorimetry technique to estimate the level of potassium affinity. However, this approach was unsuccessful as saturation of the binding could not be achieved due to the high dissociation constant (K d ) of plant asparaginases.
Analysis of conformational changes in PvAspG1
and PvAspG-T2-I117S by circular dichroism spectroscopy Circular dichroism (CD) spectroscopy is a sensitive method for evaluating changes in secondary molecular conformation upon ligand binding. CD is also important in estimating the effect of mutations on the secondary structure of proteins by estimating the percentage of a helices, b sheets, b turns, and random coils. To determine whether the mutations had any impact on thermal stability, the fraction of unfolded conformation was monitored by measuring ellipticity at 222 nm for each enzyme in the presence or absence of potassium. The protein was extensively desalted in 5 mM MOPS-NH 4 OH pH 7.5, prior to the experiments, to exclude metal cations. The data are expressed as the melting temperature (T m ) which is the midpoint of the transition from the folded to unfolded state ( Table 2) . Neither of the mutant enzymes showed a decrease in unfolding temperature, suggesting the absence of side effects on the folding stability. The addition of potassium had very little impact on the soybean (GmAspGA1 and GmAspGB1a) [27] , Arabidopsis (AtAspGA1 and AtAspGB1) [14] , yellow lupin (LlA) [17] and cucumber asparaginase (CsAspG) showing in boxes the amino acid residues that are similar (yellow background) or conserved (red background). The activation loop is formed by residues Val-111 to Ser-118 in PvAspG1 (underlined). The corresponding residues are Val-110 to Ile-117 in PvAspG-T2. Within this sequence, the only nonconservative substitution between PvAspG1 and PvAspG-T2 occurs at position 118 (PvAspG1 numbering), bearing a serine or isoleucine, respectively. This position is highlighted by an arrow.
unfolding temperature, consistent with the results obtained previously with Arabidopsis thaliana K + -dependent asparaginase [14] .
To determine whether the binding of potassium is associated with conformational changes, the secondary structure content of the wild-type and mutant enzymes was investigated in the presence or absence of 10 mM KCl. Figure 5 shows an overlay of the far-UV CD spectra of each enzyme in the presence or absence of potassium. Two types of plots can be observed, depending on whether the enzymes can be activated by potassium. In the case of PvAspG-T2 and PvspG1-S118I, addition of potassium resulted in very little change in ellipticity values. However, with PvAspG1 and PvAspG-T2-I117S, addition of potassium resulted in large differences in ellipticity values, of about 2 9 10 4 degÁcm 2 Ádmol À1 between 208 and 220 nm.
The CD spectra were processed using the CDSSTR algorithm to estimate the percentages of a helices, b sheets, b turns, and unordered structures of the proteins (Table 3) . Two other algorithms, CONTINLL and SELCON3, produced similar results (data not shown). This analysis confirmed the groupings noted above. Addition of potassium had little effect on the percentage of secondary structure elements estimated by CDSSTR in PvAspG-T2 and PvAspG1-S118I, particularly of a-helices and b-sheets. However, the addition of potassium to PvAspG1 and PvAspG-T2-I117S was associated with a reduced percentage of a-helices estimated from the spectra with a corresponding increase in the percentage of b-sheets. Both the changes in the CD spectra and the estimated percentages of secondary structure elements in PvAspG1 and PvAspG-T2-I117S are reflective of a conformational change upon potassium binding, which is consistent with the role of the metal cation as an allosteric effector of K + -dependent plant L-asparaginases.
Relationship between potassium activation and ionization of functional groups in the active site
The activity profile of each enzyme was determined using bis-tris propane buffer in a pH range between pH 6.5 and 9.5 (Fig. 6 ). PvAspG1 and PvAspG-T2-I117S were both assayed in the presence of 20 mM KCl. The V vs [S] experiments at pH 6.5, 7.5, 8.5, and 9.5 were performed in triplicate to generate V max vs pH and V max /K m vs pH data. These data are presented as Dixon-Webb plots of log 10 V max vs pH (Fig. 6A ) and log 10 V max /K m vs pH (Fig. 6B) . These plots are compatible with a situation where the enzyme and enzyme-substrate complex can be protonated twice, like a dibasic acid, reaching maximum activity when one of these groups is unprotonated, with its molecular dissociation constant K 1 , and the other is protonated, with K 2 as its molecular dissociation constant. The values of pK 1 and pK 2 were determined from the plots. Once again, the enzymes could be grouped together depending on potassium activation, both in terms of the plot shape and pK values. PvAspG-T2 and PvAspG1-S118I exhibited a bell-shaped curve, which means that only one form of the enzyme-substrate complex is active. Both enzymes had similar pK values. PvAspG1 and PvAspG-T2-I117S also had similar plot shapes and pK values. The right arm of the plots is extended, indicating that the diprotonated form of the enzyme-substrate complex may retain some, lower activity than the monoprotonated form. The same pK a values were observed for both V and V/K log profiles for each pair of enzymes, which means that they reflect the protonation of ionizable groups in the enzyme-substrate complex. The difference in pK values between each pair of enzymes indicates that the presence of the serine residue and potassium activation influences the ionization of these groups. The identity of these groups will be discussed in the next section.
Discussion
According to a classification of enzymes activated by monovalent cations, the K + -dependent asparaginases belong to the Type II category of allosteric potassiumactivated enzymes [21, 22] . In this case, potassium binding increases catalytic activity, but is not absolutely necessary for substrate binding or catalysis. The metal cation present in the activation loop of PvAspG1 is located approximately 18 A away from the active site [18] . Therefore, it cannot directly influence substrate binding and catalysis. Rather, allosteric potassium activation is achieved through conformational changes which influence the position of amino acid residues involved in substrate binding and/or catalysis [23] . These changes are likely to be transduced through the residues in the catalytic switch triad which includes His-117 in the activation loop, Glu-250 and the active site residue Arg-224 in PvAspG1 [18] . When the ligand L-aspartate is absent from the active site, one of the O atoms of the side chain of Glu-250 interacts with the main-chain amide and side-chain hydroxyl groups of In the present study, the isolation of cDNA coding for the K + -independent asparaginase from P. vulgaris confirmed the absence of the serine residue at this position, where it is replaced by isoleucine. The serine residue is strictly conserved in K + dependent asparaginases, whereas the isoleucine residue is conserved in all K + -independent asparaginases examined, except in Lupinus arboreus where it is substituted by methionine [14, 24] . The availability of the new cDNA permitted a reciprocal site-directed mutagenesis of this residue. One of the main findings from this study is that a unique residue, Ser-118 of PvAspG1 (or at the corresponding 117 position of PvAspG-T2, Fig. 2 ) is necessary and sufficient for potassium activation in plant asparaginases. A site-directed replacement of Ile-117 by serine conferred potassium activation to PvAspG-T2. Conversely, the PvAspG1-S118I mutant lost activation by potassium. Potassium activation affected both the affinity for the substrate, as determined by K m values, and the rate of the reaction, the combined effect being manifested by an increased catalytic efficiency (V max /K m ). Although PvAspG-T2-I117S gained potassium activation, its affinity for the metal cation was reduced as compared with PvAspG1 by approximately twofold, as determined by EC 50 values (Fig. 4) , which suggests that other residues beside the serine influence, or interfere with potassium binding in PvAspG-T2-I117S.
The CD method was used to probe conformational changes of the enzymes in response to potassium binding. The percentages of secondary structures estimated by CDSSTR are based on best fit to spectra from a database of standard proteins and do not necessarily reflect accurately the actual contents of these elements in the proteins. Nevertheless, the changes in the estimated percentages of secondary structure elements observed upon potassium binding confirm the differences noted in the overall spectra. Both types of evidence support the occurrence of a conformational change upon potassium binding in K + -dependent asparaginase.
The analysis of kinetic parameters in relation with pH provides some insight into the mechanism of potassium activation. The values of the dissociation constants pK 1 and pK 2 reflect the ionization of groups present in the enzyme-substrate/product complex. Functional groups that can be ionized in the enzyme- substrate complex include the side-chain carboxyl group of Asp-227, which interacts with the a-amino group of the product L-aspartate, and presumably also with the substrate L-asparagine [18] . The side chain of Asp-227 is likely to be deprotonated at neutral pH, the pK a value of the aspartate side chain in proteins normally ranging from 3.0 to 5.0 [25] . The a-amino group of the substrate can be ionized and is likely to be positively charged at neutral pH, since the pK a value of free asparagine is 8.8. The pK 2 value is most likely to correspond to this group, which means that it needs to be protonated for catalysis. O'Leary and Mattes [26] came to a similar conclusion concerning the identity of the group represented by the pK 2 value in E. coli bacterial type II asparaginase. The shape of the right arm of the plots for PvAspG1 and PvAspG-T2-I117S (Fig. 6) suggests that the enzymes retain some catalytic activity when the a-amino group of the substrate is unprotonated, while this is not the case for PvAspG-T2 and PvAspG1-S118I. Another functional group in the active site that can be ionized is the aamino group of the Thr-196 nucleophile. This group needs to be unprotonated in Ntn hydrolases in order to activate the side-chain hydroxyl for nucleophilic attack on the amide group of the substrate [3] . The value of pK 1 is most likely to reflect the ionization of this group. This prediction is consistent with the fact that the pK a value of the amino terminus in proteins usually ranges from 7.5 to 8.5. Other groups which can be ionized in the enzyme include the side chain of Glu-250, likely to be deprotonated at neutral pH, the pK a value of the glutamate side chain in proteins normally ranging from 3.0 to 5.0. Another one is the side chain of His-117. The pK a of the histidine side chain in proteins ranges from 5.5 to 7.0. The side chain of His-117 is likely to be deprotonated at neutral pH. Its protonation is not necessary for the interaction with the Glu-250 side chain, since it can take place through hydrogen bonding via a single N-H donor.
In summary, this work has established Ser-118 in PvAspG1 as the residue determining potassium activation in K + -dependent asparaginases. Upon potassium binding, conformational changes are probably transduced by residues in the catalytic switch triad, His-117, Glu-250 and Arg-224. Arg-224 is an active site residue whose side chain interacts with the a-carboxyl group of the asparagine/aspartate substrate/product. Through this interaction, conformational changes are likely to modify the position of the substrate in the active site. This is accompanied by a change in pK values of ionizable groups in the enzyme-substrate complex making them more acidic, particularly the a-amino group of the substrate, whose pK a is shifted by~0.5 units. These changes are associated with increased catalytic efficiency.
Potassium activation is an emergent property of intracellular enzymes. In the case of plant asparaginases, higher catalytic efficiency enables increased metabolic flux from asparagine under specific physiological conditions. For instance, the K + -dependent asparaginases are highly expressed in developing seed coat of tropical legumes like soybean, which use asparagine as a major form in the nitrogen nutrition of the seed [27] . Another example is the K + -dependent asparaginase of A. thaliana, which is predominantly expressed in developing pollen grains, a tissue with a high metabolic demand [28] .
Materials and methods
Cloning
A cDNA containing the full-length coding sequence of PvAspG-T2 was cloned by reverse transcription PCR from developing seeds of the P. vulgaris genotype BAT93, as previously described [18] . The isolated cDNA has the sequence of the transcript with accession number Phvul.003G182400.1 in the reference Andean common bean The CD spectral data were processed using the CDSSTR algorithm. NRMSD represents normalized mean root mean square differences between the empirical data and back-calculated spectra produced from the predicted secondary structures [41] . genome [29] , except that Gln is encoded at position 23 instead of His and Arg at position 165 instead of Lys. Surprisingly, in the sequence from the recently reported BAT93 genome, only the change at position 24 is present [30] . However, the two polymorphisms were confirmed by cloning the cDNAs from two other Mesoamerican common bean genotypes, SARC1 [31] and 1533-15 [32] . The cDNA was amplified using the following primers: forward, 5 0 -CTACGGATCCATGGGTTGGGCCATAGCTC-3 0 (translation initiation codon underlined); and reverse,
These primers were designed to introduce BamHI were aligned using CLUSTAL W [33] at the NPS@ server [34] and the alignment was displayed with ESPRIPT [35] .
Site-directed mutagenesis
Mutant cDNA strands of PvAspG1 and PvAspG-T2 corresponding to PvAspG1-S118I and PvAspG-T2-I117S, respectively, were synthesized as previously described using the QuikChange II Site 
Production and purification of His-tagged proteins
The wild-type and mutant recombinant proteins were purified by His-tagged affinity chromatography as described [14, 16] , with modifications. Wild-type constructs in pQE30 were used for expression. Purified enzyme was buffer exchanged using a PD-10 column (GE Healthcare Life Sciences, Mississauga, ON, Canada). Protein quantitation and SDS/PAGE were performed as previously described [14] . Extensive desalting of the asparaginases was done to exclude any metal ions. Amicon Ultra-15 filter device (Millipore, Etobicoke, ON, Canada) was used and the desalted protein was recovered over four cycles of dilution and concentration.
Enzymatic assays
For the determination of enzymatic activity, an NADHcoupled enzyme assay was performed as previously described [14, 16] . Assays were carried out in 200 mM TrisHCl buffer pH 7.5 at 25°C. Apparent kinetic parameters were determined using the Michaelis-Menten transformation in the GRAPHPAD PRISM 5 software (San Diego, CA, USA). EC 50 values were determined using the nonlinear regression curve fit option of GRAPHPAD PRISM 6.01. To establish the pH profile, bis-tris propane buffer was used because of its wide useful pH range (6.3-9.5). Enzyme assays were performed as described above at pH 6.5, 7.5, 8.5, and 9.5. V max , K m , and V max /K m for each pH level were determined. Plots of log 10 V max and log 10 V max /K m were generated using nonlinear regression with the simple spline curve option in SIGMAPLOT 12.5 (Systat Software, San Jose, CA, USA). ANOVA was performed with SAS server (Toronto, ON, Canada).
Circular dichroism spectroscopy
Protein samples, after purification and extensive desalting, were concentrated using an Amicon Ultra-15 filter device into 5 mM MOPS-NH 4 OH pH 7.5, and dialyzed twice for 2 h and once overnight at 4°C to further remove any interfering metal ions. The CD experiment was performed for each of the proteins at a final concentration of 0.4-0.5 mgÁmL À1 in the presence or absence of 10 mM KCl.
CD spectra were measured with a water bath-equipped Jasco Model J-810 spectropolarimeter (Easton, MD, USA) using a 1 mm path length quartz cell. Blank runs were performed (buffer with or without potassium) and the signals were subtracted from the samples. The CD spectra generated were an average of five scans obtained at 25°C with a
